Barrier tissues such as the skin contain various populations of immune cells that contribute to protection from infections. These include recently identified tissue-resident memory T cells (T RM ). In the skin, these memory CD8 + T cells reside in the epidermis after being recruited to this site by infection or inflammation. In this study, we demonstrate prolonged persistence of epidermal T RM preferentially at the site of prior infection despite sustained migration. Computational simulation of T RM migration within the skin over long periods revealed that the slow rate of random migration effectively constrains these memory cells within the region of skin in which they form. Notably, formation of T RM involved a concomitant local reduction in dendritic epidermal γδ T-cell numbers in the epidermis, indicating that these populations persist in mutual exclusion and may compete for local survival signals. Accordingly, we show that expression of the aryl hydrocarbon receptor, a transcription factor important for dendritic epidermal γδ T-cell maintenance in skin, also contributes to the persistence of skin T RM . Together, these data suggest that skin tissue-resident memory T cells persist within a tightly regulated epidermal T-cell niche.
Barrier tissues such as the skin contain various populations of immune cells that contribute to protection from infections. These include recently identified tissue-resident memory T cells (T RM ). In the skin, these memory CD8 + T cells reside in the epidermis after being recruited to this site by infection or inflammation. In this study, we demonstrate prolonged persistence of epidermal T RM preferentially at the site of prior infection despite sustained migration. Computational simulation of T RM migration within the skin over long periods revealed that the slow rate of random migration effectively constrains these memory cells within the region of skin in which they form. Notably, formation of T RM involved a concomitant local reduction in dendritic epidermal γδ T-cell numbers in the epidermis, indicating that these populations persist in mutual exclusion and may compete for local survival signals. Accordingly, we show that expression of the aryl hydrocarbon receptor, a transcription factor important for dendritic epidermal γδ T-cell maintenance in skin, also contributes to the persistence of skin T RM . Together, these data suggest that skin tissue-resident memory T cells persist within a tightly regulated epidermal T-cell niche.
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T he skin is a complex organ that acts as a primary barrier between the body and the environment. Multiple leukocyte subsets reside within the main compartments of the skin, the dermis and the epidermis, as well as the hair follicles that are contiguous with the epidermis. Populations of macrophages, dendritic cells, mast cells, γδ T cells and αβ T cells are present in the dermis, and Langerhans cells (LCs) and dendritic epidermal γδ T cells (DETCs) lie in a strategic network in the epidermis (1). We recently described a population of memory CD8 + T cells that enter the epidermis and hair follicles during infection or inflammation and become long-lived populations of tissue-resident memory T cells (T RM ) (2) (3) (4) (5) . These memory T cells are sequestered in this site and are distinct from circulating effector memory (T EM ) and central memory (T CM ) populations (3, 6) .
Memory CD8
+ T cells in the epidermis display a dendritic morphology and move at a slower velocity than T cells within the dermis. These memory T cells are sequestered in the skin epithelial layer and do not recirculate to other tissues. In contrast, memory CD4 + T cells are found within the dermis and at least a proportion of these cells are capable of recirculating around the body (3, 7) .
In this study, we sought to further examine the mechanisms of T RM persistence within the skin. We reveal that skin T RM persist at the site of their formation and despite displaying a sustained mode of random migration, the slow rate of this movement locally constrains these memory cells. Examination of other cells in this environment showed that although epidermal T RM regularly interact with LC, these interactions were not required for persistence. In contrast, skin tissue-resident memory T cells replaced DETCs in the epidermis, seeming to compete for space within the epidermal niche. We found that expression of the aryl hydrocarbon receptor (AhR) is required for long-term persistence of T RM , indicating that this may be a common survival pathway for T cells residing in the epidermis.
Results
Migration of Epidermal T RM . To understand how T RM persist in the skin and contribute to local protective immunity we sought to characterize the behavior of these memory T cells within their natural environment. We used a well-established model of cutaneous HSV infection (8) and MHC class I-restricted T-cell receptor (TCR) transgenic mice specific for an immunodominant glycoprotein B epitope (gB 498-505 ) (9) . CD8 + T cells from these gBT-I mice expressing EGFP were transferred into recipient C57BL/6 (B6) mice to track virus-specific T cells following HSV infection using intravital two-photon microscopy of the skin. As we and others have observed previously (3, 10) , memory CD8
+ T cells were present in the epidermis and displayed a unique dendritic morphology (Fig. 1A) . These T RM were highly dynamic, demonstrating active probing of their environment with dendrites that rapidly extended and retracted (Movie S1). In many cases, multibranched dendrites formed, and cells could be observed extending cellular projections in multiple directions simultaneously.
Closer examination of the location of these skin T RM revealed a highly constricted localization to the basal epidermis (Fig. 1B) , immediately adjacent to and in contact with the basement membrane that separates the dermis from the epidermis (Fig.  1C) . Identification of cells in each compartment was achieved using second harmonic generation (SHG) fluorescence to differentiate the collagen-rich dermis from the epidermis. This location defined the movement of the memory T cells, which extended dendritic projections laterally yet were not observed to probe Significance Tissue-resident memory T cells (T RM ) form in the skin where they are retained and can protect against subsequent infection. Using a combination of intravital imaging and mathematical modeling of skin T RM that form after cutaneous herpes simplex virus 1 infection, we reveal that these memory T cells persist at the site of infection for the life of a mouse owing to slow random migration. We also report that T RM compete with dendritic epidermal γδ T cells in skin for local survival signals, suggesting that T cells compete for space within an epidermal niche.
upward toward the apical epidermis and stratum corneum, nor downward toward the dermis (Movie S2) . This is in contrast to skin DETCs, whose dendrites probe the apical epidermis in the steady state (11) . T RM could also be observed within hair follicle epithelial layers, as well as entering and exiting hair follicles via the contiguous epidermis (Movie S3).
To further examine the behavior of the skin T RM , we determined the migration velocity within the epidermis over time. T cells in the epidermis migrate considerably more slowly than T cells within the dermis and have a dendritic as opposed to amoeboid morphology (3), which is likely influenced by the dense cellularity of the epidermal layer as well as the signals T cells encounter in this environment. Notably, we found that epidermal CD8 + T cells migrated faster and covered greater distances during the effector phase when the skin was inflamed ( Fig. 1 D and E) . The shape and behavior of skin T RM suggested that the dendritic morphology was defined by their localization within the epidermis. We took advantage of the ability to distinguish dermal and epidermal T cells using SHG signals and used Imaris software to render the 3D surface of the T RM and examined the shape of the cells by determining their relative sphericity. Notably, the sphericity of both effector (day 10) and memory (day 32) T cells present within the epidermis was identical (Fig. 1F) . In contrast, CD8
+ T cells migrating within the dermis displayed more amoeboid cell morphology. These data show that epidermal T-cell morphology was dictated largely by the microanatomical location of the cells rather than a unique property of memory T cells.
The migration by virus-specific CD8 + T cells in the epidermis reduced to a steady rate within 1 mo of infection and remained unchanged for at least 300 d. Although they only displayed a slow rate of migration, time-lapse imaging revealed that epidermal T RM navigated a substantial proportion of the epidermal tissue in a matter of hours ( Fig. 1G and Movie S4). We calculated the 2D surface area covered by T RM , given that they move within a roughly 2D environment. By examining cells over time, we estimated that the memory T cells scan an area approximately five times the size of an average cell per hour (in this experiment, 60 frames) (Fig. 1H ). This suggests a substantial ability of T RM to survey their immediate environment over time (10) , particularly given the restricted dimensions of this compartment and the observation that skin T RM remain resident in the epidermis and do not recirculate through other tissues (3).
Persistence of Epidermal T RM at the Site of Infection. We noted that the density of T RM within the skin was greatest at the site of prior infection (lesion). Given that T RM are motile, we wanted to determine whether these memory cells gradually diffused across the flank as they randomly patrol the epidermis. Numbers of T RM at the lesion site were quantitated soon after infection and up to 1 y later by microscopy ( Fig. 2A) or by flow cytometry by enumerating CD103
+ gBT-I T cells (Fig. 2B) . Consistent with the preferential presence of T RM within flank skin originally infected by HSV-1 (4), T RM remained concentrated at the lesion site with no discernible change in their distribution over time. This suggested that these memory cells were largely constrained to the site of infection where they initially developed.
To determine whether such local persistence of T RM could be explained by the slow migration of these cells, or alternately whether these cells were actively constrained to this site by local signals, we performed computational modeling to simulate the movement of T RM populations for time periods considerably longer than we could image (months to years). Simulation of random cell migration was performed using measurements of T RM velocity and displacement acquired in vivo over a period of 2-3 h. Modeling cell migration based on these parameters revealed that the random location of the cells over extended periods (days) was equivalent to the random location of cells moving by Brownian motion, a consequence of the central limit theorem. The distribution of T RM around the lesion could be approximated by a Gaussian distribution, which allowed us to model a population of T RM where 50% of the cells were initially distributed across a 5-mm-wide strip of skin, similar to that observed in vivo and enumerated in Fig. 2B . Simulation of cell movement over periods of 100 and 365 d demonstrated only minimal change (from 50% to 49.8% and 49.4%, respectively) in the proportion of cells remaining within this region (Fig. 2C ). Even if we tripled the average velocity of our model population to 3.3 μm/min, well above the observed velocity, the majority of T RM still remained associated with the lesion after 1 y (from 50% to 45%). Thus, this model predicts relatively little diffusion of the cells across the skin by random movement within the lifespan of a mouse. These data indicate that the combination of slow and random migration by T RM in the epidermis functions to constrain these memory cells largely to the region of skin in which they were formed, without the need for any physical or chemical barrier.
Skin T RM Interact with LCs. The above observations suggested that active constraint of T RM by extrinsic signals was not required for the cells to remain within the region of their formation. However, it does not rule out a role for signals that influence the speed of T RM migration or competition for local survival signals.
A dense meshwork of LCs is present within the epidermis between keratinocytes, where they capture environmental antigens and migrate to draining lymph nodes. LCs can stimulate T-cell responses, although their role in immunity and tolerance is poorly resolved (12) . We wanted to determine whether T RM interact regularly with LCs as they migrate through the epidermis. We used Langerin-GFP (Lg-GFP) mice that were transferred with gBT-I.DsRed CD8 + T cells before HSV infection. During the memory phase, T RM were observed to interact regularly with LCs, crawling over the numerous LC dendrites and interacting directly with LC cell bodies ( Fig. 3 A and B and Movie S5). Quantification of T RM -LC interactions revealed that half of the epidermal memory T cells were in contact with LC at all times during a 1-h imaging period (Fig. 3C ) and only a very minor fraction of T RM were not in contact with LCs at all in the same period. In contrast, LCs were sessile (mean velocity, 0.3 μm/min) and were positioned in a regularly spaced network, the density of which was not influenced by the presence or absence of T RM (Fig. 3D) . Thus, T RM interact frequently with LCs as they migrate throughout the epidermis.
To reveal whether such T RM -LC interactions were important for the migration or survival of memory T cells in the epidermis, we used mice expressing the diphtheria toxin (DT) receptor under control of the Langerin promoter (Lg-DTR) to selectively deplete LCs upon DT treatment. We transferred gBT-I.DsRed CD8 + T cells into Lg-DTR or Lg-GFP mice before HSV infection. Upon establishment of memory, mice were treated with DT for 2 wk to deplete LCs. Ablation of the LC population for this period did not affect gBT-I numbers in the skin or spleen (Fig. 3E ), and expression of surface molecules required for T RM persistence, CD103 and CD69, was unchanged on cells in the skin (Fig. S1 ). The T RM retained their dendritic morphology ( Fig. 3F ) yet displayed reduced migrational velocity (Fig. 3G ). These data indicate that interactions with LCs are not required for T RM persistence within this time period yet influence T RM migration within the epidermis.
T RM Persist Within an Epidermal Niche. Tightly interspersed with the epidermal LC network in mice is a similarly dense network of DETCs (13) . These T cells are important for efficient wound repair and respond to signals from stimulated keratinocytes (14, 15) . Similarly, populations of epidermal T cells are also present in humans and may also contribute to wound repair (16) . To identify skin DETCs we used CXCR6 GFP/+ knock-in mice (17) . We transferred naïve gBT-I T cells into these mice followed by epicutaneous infection with HSV. Analysis of the skin by twophoton microscopy revealed that DETC are largely sessile and display a more pronounced dendritic morphology than T RM , consisting of long stable dendrites (Fig. 4A and Movie S6). In comparison with LCs, fewer contacts between T RM and DETCs were observed (Fig. 4B) , although T RM were capable of navigating through space occupied by DETCs by squeezing underneath the body of these cells (Fig. 4C) . Of note, we also visualized endogenous T RM in the skin of the CXCR6 GFP/+ mice that displayed the same morphology and mode of slow locomotion as gBT-I T cells (Movie S6). These endogenous T RM were observed migrating within gaps in the DETC network. Moreover, extensive observation of DETCs and T RM within the same and distinct areas of skin gave the impression of a consistent combined density.
To address the issue of T RM and DETC density more specifically, we assessed the distribution of T RM and DETCs by twophoton microscopy 1 mo after infection in CXCR6 GFP/+ mice. At the lesion site T RM were present at a high density, which decreased with increasing distance from the lesion (Fig. 4D) . Notably, we observed an inverse relationship between T RM and DETCs, with DETCs largely absent from the lesion site (Fig.  4E ). This suggested that DETCs were displaced at the site of infection and replaced by T RM . The relationship between T RM and DETC density in the epidermis was established with a Pearson's correlation coefficient (r = −0.76; Fig. 4F ), demonstrating that as T RM density increased there was a concomitant decrease in DETC numbers.
These data suggested that there is a mutual exclusion between T RM and DETCs, possibly resulting from competition for a niche within the epidermis. We next examined the relationship between these two epidermal T-cell subsets in the absence of infection by intradermally injecting effector gBT-I T cells into B6 mice. The injected CD8 + T cells can enter the epidermis and form long-lived T RM in the absence of antigen (18) . These T RM seemed morphologically identical to cells that form after infection and migrated at a similar velocity (Movie S7). We observed regions with low numbers of T RM and corresponding high numbers of DETCs and regions with high numbers of T RM and low numbers of DETCs (Fig. 5A ). Total numbers of T cells in each region were similar (Fig. 5B) and not higher than total numbers of T cells found in the epidermis of control mice (Fig. 5C ), indicating that the T RM did not add substantially to the epidermal T-cell pool, but rather replaced the DETCs resident in this site. This was supported by a significant negative correlation between T RM and DETC numbers after intradermal injection (Fig. 5D) . Control mice given PBS injections did not show a reduction in DETC numbers (Fig. S2) , further suggesting that the transferred T cells displaced DETCs in this site.
We recently described several factors involved in regulating the formation and long-term survival of T RM in the skin, including IL-15 and TGF-β (18) . DETCs also require IL-15 for their development or survival (19) , although they persist in the skin independently of TGF-β signals (20) . Because T EM and T CM also require IL-15 for long-term maintenance (21), we considered whether other factors may specifically coregulate DETC and T RM populations. DETCs express the AhR, a transcription factor required for their survival but not development (22, 23) . We found that skin T RM also express high levels of AhR in comparison with both naïve and memory T cells from the spleen (Fig. 5E ). To examine a role for AhR in regulating T RM populations in the skin, effector CD8 + T cells from WT B6 and AhR −/− mice were injected in equal proportions into B6 mice treated on the flank 3 d earlier with the irritant 1-Fluoro-2,4-dinitrobenzene (DNFB). This model results in the formation of long-lived T RM in the skin at the site of DNFB application (2) . Both WT and AhR −/− CD8 + T cells entered the skin in similar numbers, but over time AhR −/− T RM disappeared from the skin, but not the spleen (Fig. 5F ). Similar results were obtained with AhR −/− T RM generated after intradermal injection (Fig. S3) . Thus, we show that AhR facilitates T RM persistence in the epidermis. Together, these data suggest that AhR ligands contribute to an epidermal T-cell niche, with antigen-experienced CD8 + T cells effectively competing with DETCs for the same niche. 
Discussion

Recent studies have revealed that populations of tissue-resident memory CD8
+ T cells can form in a number of different tissues around the body, where they may provide the first lines of defense against reinfection (5, 24) . For T RM in tissues such as the skin, we are just beginning to understand their formation, which requires signals such as IL-15 and TGF-β and involves the progressive development of KLRG-1 lo effector cells into permanently resident cells that express high levels of the integrin CD103 and CD69 (18) . Despite this, we still know relatively little about the behavior and functions of T RM and the mechanisms of their longterm persistence.
Epidermal T RM display a pronounced dendritic morphology (3, 10). We show here that these memory T cells are located at the dermal-epidermal border in contact with the basement membrane. T RM were observed migrating underneath DETCs, suggesting a particular preference for contact with the basement membrane, which may provide traction for migration. As a part of this migration program, T RM regularly contact the other immune cells in their environment: LCs, DETCs, and keratinocytes. Our data reveal regular contacts between T RM and LCs as the T cells navigate through the uniform network of epidermal LCs. Depletion of LCs for 2 wk did not influence the morphology or survival of skin T RM , yet migration was reduced, suggesting that LCs may provide locomotory signals to T RM .
Persistence within the epidermis is a key characteristic of the skin T RM , and we show that these cells are largely constrained to the region in which they form. Thus, despite their ability to migrate through the epidermis, skin T RM remained concentrated at the site of prior infection rather than distributed over the skin of the flank. By modeling the migration of T RM over longer periods we find that the slow mode of random migration effectively constrains these memory T cells to the local region in which they were formed. Moreover, we show an inverse relationship between skin T RM and DETCs that is indicative of competition for persistence within an epidermal niche. It seems that DETCs either leave or die following HSV infection, the latter potentially the result of direct infection by this cytopathic virus (25) . T RM populate this DETC-replete skin, as well as the epidermis that borders the site of infection where many DETCs remain. Given that these populations of T cells likely need to compete for limited resources or space within the epidermis to survive, this may favor the persistence of T RM in regions of skin where local DETC numbers are lower, and there is less competition. It is also possible that T RM compete more effectively for space in the epidermis, providing an advantage that prevents repopulation of the skin by DETCs.
Our modeling data indicate that the slow and random movement of T RM would maintain a large proportion of these cells within the region in which they formed, suggesting that additional competition for niche is likely to only further limit cells from straying beyond the lesion boundaries. We do not rule out the possibility that T RM migration is influenced by other T cells in their environment; however, we found that T RM motility was the same when cells were imaged where DETCs were absent (lesion) versus regions containing substantial numbers of DETCs (at the borders of lesions; Fig. S2 ). Interestingly, we reveal that following the intradermal injection of effector T cells, the formation of T RM results in the displacement of a proportional number of DETCs. This raises the intriguing question of how T RM that are induced by a subsequent infection in the same region of skin compete for space and whether newer T RM can displace existing cells. Such information will be important if vaccines are designed that enhance the lodgment of T RM within tissues. Additionally, it will be important to examine T RM migration within human skin, where the epidermal layer is considerably thicker than in mice (26) . If human skin T RM migrate at a similar slow rate, with random direction in the steady state, and additionally have a larger area of tissue to navigate, we would predict that these memory cells would similarly persist in close proximity to the site of their formation.
Finally, we examined the role of AhR, a potential signal that may regulate the numbers of both αβ and γδ T cells within the epidermis and show that AhR contributes to the long-term persistence of T RM . Recent studies have shown that expression of AhR is required for the homeostasis of several T-cell populations including γδ T cells resident in both the skin epidermis and gut epithelia and CD8αα + αβT cells in the gut (22, 23) . Although natural ligands for AhR in the skin are less clear, dietary sources are critical for maintaining intestinal intraepithelial T cells. Our finding that epidermal T RM also use AhR for maintenance, combined with data showing that T RM can displace DETCs in the skin, suggest that epidermal T cells compete for space within a niche that is influenced at least in part by the availability of AhR ligands. Further work will be needed to determine the signals involved in the maintenance of T RM in other tissues such as the gut and lung, which also persist in defined microenvironments (27, 28) . In conclusion, our data demonstrate the dynamic nature of T RM migration and persistence in skin and suggest a basis for the regulation of T-cell populations within an epidermal niche. 
Materials and Methods
Mice. C57BL/6, gBT-I.EGFP, gBT-I.DsRed, gBT-I×B6.SJL-PtprcaPep3b/BoyJ (gBT-I.CD45.1), Lg-GFP, Lg.DTR-GFP (29) , and CXCR6 GFP/+ mice were bred in the Department of Microbiology and Immunology, The University of Melbourne. AhR −/− were bred at The Babraham Institute. All mice were on a B6 background and were maintained under specific pathogen-free conditions. gBT-I (9) are T-cell receptor-transgenic mice recognizing the HSV-1 glycoprotein B-derived epitope gB [498] [499] [500] [501] [502] [503] [504] [505] . Animal experiments were approved by The University of Melbourne Animal Ethics Committee. Infection of mice was performed as described previously (3) and detailed in SI Materials and Methods.
Adoptive Transfers and Flow Cytometry. Adoptive transfers of 5 × 10 4 naïve gBT-I cells were performed intravenously. In vitro-generated gBT-I effector T cells were activated by peptide-pulsed splenocytes as described (4); 0.5-1 × 10 6 activated cells were transferred into recipients by intradermal injection (five 20-μL injections over a 1.5-cm 2 area of skin) using a 30-gauge needle. For DNFB treatment, 25 μL of 0.3% (vol/vol) DNFB in acetone/oil (4:1) were applied onto a 2-cm 2 area of skin. Three days after treatment, 5 × 10 6 in vitro effector gBT-I T cells were transferred into the mice. Cell isolation and antibodies used for flow cytometry are detailed in SI Materials and Methods.
Confocal and Two-Photon Microscopy. For immunofluorescence staining of fixed tissues, confocal microscopy and intravital two-photon microscopy, mice and tissues were prepared as described previously (3), as detailed in SI Materials and Methods. Images were acquired with Zeiss LSM700 or LSM710 NLO microscopes and processed using Imaris 7 software (Bitplane).
Quantitative RT-PCR. Mice containing 5 × 10 4 gBT-I CD8 + T cells were infected with HSV and at various time points after infection gBTI T cells were FACS-sorted from skin and spleen using FACSAria III (BD). RNA extraction, cDNA synthesis, and preamplification was performed using the Taqman Gene Expression Cells-To-Ct Kit, Taqman PreAmp Master Mix, and assorted commercially available Taqman assays (all Life Technologies). Quantitative RT-PCR was performed with Taqman Fast Advanced Master Mix on a StepOnePlus Real-Time PCR cycler (both Life Technologies). The threshold cycle (Ct) of AhR for each cell population was normalized to the Ct of the Hprt housekeeping gene (ΔCt). Normalized AhR expression of each cell type was then compared with the normalized AhR expression of the naïve gBT-I population according to the 2 (−ΔΔCT) method.
Simulating Cell Migration and Diffusion in the Skin. To determine the diffusion of motile T RM within a rectangular strip of skin, the movement of cells was modeled by sampling with replacement from a dataset of observed displacements per minute of individually tracked in vivo cells. By the central limit theorem, and confirmed by numerical experiments, the distribution of the displacement of a cell over a period of t minutes was found to converge quickly to a Gaussian distribution for t much larger than 1. The movement of T RM was modeled by a Wiener process appropriately fitted to the displacement data. A detailed description of the methods and calculations used can be found in SI Materials and Methods.
Supporting Information Cell Isolation and Flow Cytometry. Mice were killed by carbon dioxide administration and perfusion was performed with 10 mL Hank's buffered salt solution. Spleens were harvested and disrupted by passage through a wire mesh. Skin tissue (1-2 cm 2 ) was removed after clipping and treatment of flank skin with Veet depilation cream, chopped into small fragments, and incubated for 90 min at 37°C in 3 mL PBS containing Dispase (2.5 mg/mL; Roche) and DNase (5 μg/mL; Sigma) followed by incubation for 45 min at 37°C in MEM medium containing FCS (2%; Gibco BRL), collagenase (3 mg/mL; Worthington), and DNase (5 μg/mL). Cell suspensions were filtered twice through nylon meshes (70-and 30-μm pore size) before staining for flow cytometric analysis (30 min at 4°C). The following antibodies/reagents were purchased from BD Pharmingen: anti-CD103 (M290)-PE and anti-CD45.2 (104)-AlexaFluor 700. Anti-γδ-TCR (eBioGL3)-APC and anti-EpCAM/CD326 (G8.8)-APC-Cy7 were purchased from Biolegend and anti-CD45.1 (A20)-Pe-Cy7 from eBiosciences. Dead cells were identified using propidium iodide staining. Sphero calibration particles (BD Pharmingen) were added to the samples to allow for calculation of cell numbers. Flow cytometric analysis was performed using a FACSCanto II flow cytometer and FlowJo software (TreeStar).
Immunofluorescence Staining and Confocal Microscopy. Skin from the flank of HSV-infected mice was collected and fixed in periodate-lysine-paraformaldehyde buffer containing 0.05 M phosphate buffer with 0.1 M L-lysine (pH 7.4; Sigma-Aldrich), 2 mg/mL NaI0 4 (BDH Chemicals), and 4% (vol/vol) paraformaldehyde (Electron Microscopy Sciences, ProSciTech), followed by a rinse in PBS for 10 min and a wash in 10% sucrose (wt/vol in PBS) for 20 min at room temperature (RT). Fixed tissue was embedded in optimal cutting temperature compound (Tissue Tek IA018; Sakura) and frozen in liquid nitrogen. Tissue sections were performed on a cryostat (Leica CM3050S) at 50-μm thickness and air-dried for 16-18 h before staining. Sections were permeabilized in a 0.5% Triton X-100/ 3% (wt/vol) saponin buffer for 1 h at RT, followed by a PBS wash for 15 min then blocked for 10 min (Protein Block X0909; Dako) at RT. Sections were stained with LM-332 (laminin-γ2) antibody kindly provided by Monique Aumailley, University of Cologne, Cologne, Germany for 16 h at 4°C in a semihumid chamber. Sections were rinsed for 10 min in PBS and labeled with donkey anti-rabbit AlexaFluor 488 secondary antibody for 40 min at RT. Sections were rinsed for 10 min in PBS, incubated with Hoechst nuclear stain [H33258, 1:3,000 (vol/vol) in PBS] for 3 min, and then mounted with ProLongGold (P36934; Invitrogen). Images were acquired with a Zeiss LSM700 microscope and processed using Imaris 7 (Bitplane) and ImageJ software.
Intravital Two-Photon Microscopy. Mice were anaesthetized with isofluorane (Cenvet; 2.5% for induction, ∼1.5% for maintenance, vaporized in an 80:20 mixture of oxygen and air) using a Tech 3 vaporiser (Surgivet) and the left flank was shaved and depilated using Veet (Reckitt Benckiser). Two parallel incisions were made through the dermis, ∼15 mm apart, along the flank. The skin was carefully separated from the peritoneum, and an 18-mm-wide piece of 1-mm stainless steel was inserted under the dermis. This formed a stable raised platform, attached to a custom-made imaging platform. The underside of the dermis was adhered to the steel platform using Vetbond tissue adhesive (3M). Vacuum grease (Dow Corning) was used to attach and seal a glass coverslip onto the epidermis of the skin for imaging. Moist gauze was packed around the incision and covered to prevent dehydration.
Images were acquired with an upright LSM710 NLO multiphoton microscope (Carl Zeiss Microimaging) enclosed in a custom-built environmental chamber (Precision Plastics) that was maintained at 35°C with heated air. External nondescanned photomultiplier tube detectors in the reflected light path were used to acquire images. Images were acquired with a 20×/1.0 N.A. water immersion objective. Fluorescence excitation was provided by a Chamelon Vision II Ti:sapphire laser (Coherent), with dispersion correction. EGFP and DsRed were excited at 900-920 nm. The collagen-rich dermis of the skin was visualized by second harmonic generation, using a bandpass 440-to 480-nm filter. Typical voxel dimensions were 0.55-0.7 × 0.55-0.7 × 3 μm. For four-dimensional datasets, threedimensional stacks were captured every 1 min for 30-450 min.
Raw imaging data were processed with Imaris 7.5 (Bitplane). Cell migration was analyzed through automatic cell tracking aided by manual corrections. Only tracks that lasted longer than 5 min were analyzed. For assessment of cell morphology (sphericity and area), the 3D surface of the cells was rendered in Imaris. Overlay of image sequences and assessment of 2D cell area was calculated using ImageJ. Colocalization was performed using Imaris. Data were used to plot graphs in Prism 5 (Graphpad). For the generation of movies, image sequences exported from Imaris were composed in Adobe After Effects CS5.
Simulating Cell Migration and Diffusion in the Skin. To determine the rate of change of the concentration of cells within a rectangular strip of skin, the movement of cells was modeled conceptually by sampling with replacement from a dataset of observed displacements per minute of individually tracked in vivo cells. By the central limit theorem, and confirmed by numerical experiments, the distribution of the displacement of a cell over a period of t minutes converges quickly to a Gaussian distribution for t much larger than 1. Because the time period of interest is large (over 100 d, or 144,000 min), essentially identical answers are obtained by modeling the movement of cells by a Wiener process appropriately fitted to the displacement data.
Let pðx; y; tÞ denote the proportion of cells at the point ðx; yÞ ∈ R 2 at time t ∈ R. By definition of proportion, RR pðx; y; tÞ dx dy = 1 for all t. The displacement of a single cell in the xy plane after t minutes has the 2D Gaussian distribution N 2 ð0; σ 2 tIÞ where I is the identity matrix and σ is related to the average displacement per minute v by v = ffiffiffiffiffiffiffi π = 2 p σ. Therefore, pðx; y; tÞ =
Of primary interest is the marginal distribution pðx; tÞ = R ∞ −∞ pðx; y; tÞ dy obtained by averaging over the y coordinate. A standard calculation shows that
In particular, this shows that the problem reduces to studying a one-dimensional Wiener process. If all of the cells start at the origin [meaning pðx; 0Þ is the Dirac delta function] then the density evolves according to
Because the distribution is Gaussian for t > 0, this equation can also be used for determining how the distribution evolves assuming the initial distribution is zero-mean Gaussian. (If the initial distribution is zero-mean Gaussian with variance ϕ 2 then define t 0 = ϕ 2 = σ 2; note that the variance of pðx; t 0 Þ is ϕ 2 . After another t minutes, the distribution has evolved from pðx; t 0 Þ to pðx; t 0 + tÞ.) Furthermore, the proportion of cells within a strip from −L to L is Z L −L pðx; tÞ dx = erf L ffiffiffiffiffiffiffiffi ffi 2σ 2 t p :
To determine a suitable value of σ, a dataset was used of 30 tracked cells over a period of 2 h. The dataset recorded the 2D location of each cell at intervals of 1 min. (Actually, the 3D location was recorded, but it suffices to ignore the depth axis.) After discarding the few occasions when the position of a cell could not be determined accurately, there remained 3,512 measured displacements. The empirical variance of these 2D displacements is 0:70 0:01 0:01 0:80 :
Had the displacements been perfectly radially symmetric, the covariance matrix would have been of the form σ If it is assumed that the true distribution really is radially symmetrica cell is equally likely to move in any direction in the xy plane-then an estimate of σ 2 is 0.75. [If Z ∼ N 2 ð0; σ 2 IÞ then EðkZk 2 Þ = 2σ 2 . The sample average of kZk 2 is 1.5, therefore a reasonable estimate of σ 2 is 0.75.] Regardless, the variance σ 2 of the displacement along a single axis in the xy plane is somewhere in the vicinity of 0.7-0.8, corresponding to an average displacement per minute of 1.05 μm/min to 1.12 μm/min. Fig. S1 . Expression of CD103 and CD69 on gBT-I T RM after Langerhans cell (LC) ablation from Lg-DTR mice. Thirty days after HSV infection, Lg-DTR mice were treated with diphtheria toxin or PBS for 2 wk, as described in Materials and Methods. n = 5-11 mice per group. Movie S1. Epidermal CD8 + T RM migrating in the skin 32 d after HSV infection. A maximum intensity projection time series of gBT-I.GFP T cells (green) imaged by two-photon microscopy. The collagen-rich dermis was visualized by second harmonic generation (SHG; blue). Frames were acquired at 1-min intervals. Display rate: 10 frames per second (fps).
Movie S1
Movie S2. Skin T RM project dendrites laterally as they migrate, and not upward toward the apical epidermis or downward toward the dermis. A maximum intensity projection (in x-y, x-z, and y-z dimensions) of an epidermal CD8 + T-cell migrating in the skin 32 d after HSV infection. gBT-I.GFP T cells (green) were imaged by two-photon microscopy. The collagen-rich dermis was visualized by SHG (blue). Frames were acquired at 1-min intervals. Display rate: 10 fps.
Movie S2
Movie S3. Skin T RM enter hair follicles while migrating in the epidermis. A maximum intensity projection (in x-y, x-z, and y-z dimensions) of an epidermal CD8 + T-cell (red asterisk) migrating from the epidermis into a hair follicle. gBT-I.GFP T cells (green) were imaged by two-photon microscopy 32 d after HSV infection. The collagen-rich dermis was visualized by SHG (blue). Frames were acquired at 1-min intervals. Display rate: 10 fps.
Movie S3
